This article reported the high tumor targeting efficacy of RGD peptide labeled near-infrared (NIR) non-cadmium quantum dots (QDs). After using poly(ethylene glycol) to encapsulate InAs/InP/ ZnSe QDs (emission maximum at about 800 nm), QD800-PEG dispersed well in PBS buffer with the hydrodynamic diameter (HD) of 15.9 nm and the circulation half-life of ~29 min. After coupling QD800-PEG with arginine-glycine-aspartic acid (RGD) or arginine-alanine-aspartic acid (RAD) peptides, we used nude mice bearing subcutaneous U87MG tumor as models to test tumor-targeted fluorescence imaging. The results indicated that the tumor uptake of QD800-RGD is much higher than those of QD800-PEG and QD800-RAD. The semiquantitative analysis of the region of interest (ROI) showed a high tumor uptake of 10.7 ± 1.5%ID/g in mice injected with QD800-RGD, while the tumor uptakes of QD800-PEG and QD800-RAD were 2.9 ± 0.3%ID/g and 4.0 ± 0.5%ID/g, respectively, indicating the specific tumor targeting of QD800-RGD. The high reproducibility of bioconjunction between QDs and the RGD peptide and the feasibility of QD-RGD bioconjugates as tumor-targeted fluorescence probes warrant the successful application of QDs for in vivo molecular imaging.
INTRODUCTION
The integration of nanotechnology with molecular biology and medicine has resulted in active developments of a new emerging research area-nanobiotechnology (1) . This technological innovation, referred to as nanomedicine by the National Institutes of Health (NIH), has great potential to offer exciting and abundant opportunities for discovering new materials, processes, and phenomena in biomedicine. Nanoscale materials have now been widely exploited in many biomedical applications, such as biosensor, disease detection, molecular imaging, and disease treatment (2) (3) (4) (5) (6) (7) . The basic rationale is that the metal, metal oxide, semiconductor, or self-assembled molecular nanostrucuters have novel properties and functions that are not available from bulk counterparts or individual molecules. One of the most advanced and exciting forefronts of nanobiotechnology is the application of quantum dots (QDs) in biology and medicine (8) . After surface functionalization using peptides, proteins, and antibodies, QDs indeed showed great ability to target and detect specific tissues in living subjects by the rapid readout of fluorescence imaging (9) (10) (11) (12) (13) (14) (15) (16) . Compared with the organic dyes and fluorescent proteins, QDs show many unique optical properties, such as narrow and tunable emission spectra, superior photostability, high quantum yields, and the capacity of simultaneous excitation of multiple fluorescence colors. Moreover, there are many more alternatives in QDs with NIR emission for in vivo imaging than organic dyes, such as CdTe/CdSe (17) , InAs x P 1-x /InP/ZnSe (18) , CuInSe (19) , and Cu-doped InP/ ZnSe (20) QDs. The QDs emitting at above 700 nm in the NIR region minimize the problems of indigenous fluorescence of tissues and meet the requirements of in vivo biological imaging applications. However, it is reported that Cd-containing QDs indeed showed cytotoxicity under extreme conditions (21, 22) . Several studies have shown that QDs may be systemically distributed in organs and tissues. The absorption, distribution, metabolism, and excretion characteristics are highly variable for QDs because of the wide variation in QD physicochemical properties (23) (24) (25) . For in vivo applications, metabolic clearance of the nanoparticles remains an issue, that is, it is hard to know about how these nanoparticles would be completely cleared out of the body. To avoid such a dilemma, one strategy is to replace the Cd metal by other more benign elements. For example, CuInS 2 /ZnS core/shell QDs do not contain any Class A elements (Cd, Pb, and Hg) or Class B elements (Se and As) (26) , which may show great potential as biocompatible probes for biomedical applications. Recently, carbon dots (C-dots) as new emerging optical probes have aroused research interest because of their nontoxicity compared with semiconductor QDs (27) . Another important strategy is the surface coating and modification of QDs, which improve water solubility, stability, and biocompatibility, and assign a desired bioactivity (24) . For example, QDs can be coated with hydrophilic poly(ethylene glycol) (PEG) groups or a cross-linked silica shell (8, 28) to render QDs biocompatible and can be further conjugated with bioactive moieties to target specific biologic tissues or cells.
Cancer is a class of diseases in which a number of cells display uncontrolled growth, invasion, and sometimes metastasis. Cell adhesion molecule integrin α v β 3 is a key player in tumor angiogenesis, progression, and spread. Integrin α v β 3 specifically binds the arginineglycine-aspartic acid (RGD)-containing components in the interstitial matrix (29) . Integrins expressed on endothelial cells modulate cell migration and survival during angiogenesis, while integrins expressed on carcinoma cells potentiate metastasis by facilitating the invasion and movement across blood vessels (30) . Tumor expression of integrin α v β 3 correlates well with the tumor progression in several malignancies, such as melanoma, glioma, and breast cancer (31) (32) (33) . In this work, we chose non-cadmium and NIR QDs as the lowtoxic and efficient fluorescence probe to image the integrin α v β 3 -positive tumor vasculature in vivo after the surface modification of RGD peptide.
EXPERIMENTAL SECTION Preparation of QD800-PEG
The synthesis of InAs/InP/ZnSe core/shell/shell QDs (emission maximum at about 800 nm) is similar to that described in the previous publication (34) . We used the conjugate of phospholipid and poly(ethylene glycol) (DSPE-PEG2000 amine: 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000], Avanti Polar Lipids, Inc.) to encapsulate QD800 and make the nanoparticles water-dispersible (28, 35) . Typically, we mixed assynthesized QD800 (10 nmol) and DSPE-PEG2000 amine (~1.8 μmol) in 200 μL of chloroform and left the container open in a fume hood to evaporate the chloroform solvent slowly at room temperature. The dry sample was pumped under vacuum for about 4 h to remove chloroform completely and then redispersed in water by gentle sonication. The as-prepared QD800-PEG was purified by centrifugation using Millipore (Centrifugal filter devices, 100 K) at 4000 rpm for 20 min to remove the excess amount of DSPE-PEG2000 amine. The final concentration of QD800-PEG in PBS buffer (1×) was about 10 μM ready for further bioconjugation.
Synthesis of QD800-RGD and QD800-RAD
The procedure for surface functionalization of QD800-PEG with amine terminal groups is similar to that used in our previous report with a minor modification (36) . We mixed QD800-PEG (1 nmol) and 4-maleimidobutyric acid N-succinimidyl ester (1 μmol) in borate buffer (pH ~8.5) and incubated the mixture at room temperature for about 2 h with gentle shaking. After purification by a NAP-10 column (GE Healthcare Life Sciences), we added thiolated RGD peptide (c(RGDy(ε-acetylthiol)K), denoted as RGD-SH, 1 μmol) (36) into the activated QD800 sample and kept shaking for about 2 h at room temperature. After further purification by the NAP-10 column, we stored the QD800-RGD conjugate in PBS buffer with a concentration of 1 μM ready for animal use. For comparison, we added thiolated RAD peptide (c(RADy(ε-acetylthiol)K), denoted as RAD-SH, 1 μmol) instead to synthesize the QD800-RAD conjugate as a control.
Animal Model
Animal experiments were performed according to a protocol approved by the Stanford University Institutional Animal Care and Use Committee. The U87MG human glioblastoma tumor model was established by subcutaneous injection of U87MG cells (~5 × 10 6 in 50 μL of PBS) into the front flank of female athymic nude mice (Harlan). The mice were subjected to imaging studies when the tumor volume reached 200-500 mm 3 (about 3 weeks after inoculation).
Half-Life Measurement
After the tail vein injection of QD800-PEG (200 pmol) in normal nude mice, we collected blood samples (~15 mg each) at intervals of about 10 min and repeated them about 5 times. The blood samples were mixed with 20 μL of heparin (Sigma-Aldrich) solution (4 units/ mL) and subjected to fluorescence imaging immediately using IVIS Imaging System (IVIS 100 Series; Cy5.5 excitation filter, 605-665 nm; ICG emission filter, 800-875 nm). Under the assistance of Living Image software, we recorded the information of the region of interest (ROI) for each blood sample.
In Vivo and Ex Vivo Fluorescence Imaging
After the tail vein injection of QD800-RGD, QD800-PEG, and QD800-RAD (~200 pmol in each mouse), the mice were monitored at multiple time points (e.g., 0.5, 1, 4, 5, 6, 18, and 24 h) using IVIS Imaging System (IVIS 100 Series; Cy5.5 excitation filter, 605-665 nm; ICG emission filter, 800-875 nm). For ex vivo imaging, after the tumors and major organs were harvested, we immediately subjected the tissues to fluorescence imaging using IVIS Imaging System.
Immunofluorescence Staining
After 4 h p.i. of QD800-RGD, QD800-PEG, and QD800-RAD, the mice were sacrificed, and the tumors were harvested and frozen in OCT medium (Sakura Finetek) immediately. The tissues were cut into 5-μm-thick slices using microtome for fluorescence microscopy studies. U87MG tumor frozen tissue slices were fixed in cold acetone for about 10 min and dried in air for about 30 min. The sections were blocked with 10% donkey serum for about 10 min and then incubated with a rat antimouse CD31 monoclonal antibody (1:50; BD BioSciences) for 30 min at room temperature. After incubation with a Cy3-conjugated donkey antirat secondary antibody (1:100; Jackson ImmunoResearch Laboratories, Inc.) for another 30 min, we examined the tumor sections under fluorescence microscopes.
RESULTS AND DISCUSSION

Peptide-Labeled QDs
The as-synthesized InAs/InP/ZnSe core/shell/shell QDs (emission maximum at about 800 nm) with TOPO as surfactant only dispersed in nonpolar organic solvents, such as hexane and chloroform (Figure 2A,B) . Poly(ethylene glycol) phosphatidylethanolamine (e.g., DSPE-PEG2000 amine) is one kind of micelle-forming hydrophilic polymer-grafted lipids (28) . Therefore, the TOPO capped QDs could be encapsulated in the hydrophobic core of this micelle. We used DSPE-PEG2000 amine to coat QDs to make the QDs become waterdispersible and improve their biocompability. The procedure of coating is very facile and highly repeatable. The water-dispersible QD800-PEG (~19% in QY) with an amine terminal group allows further modification and bioconjugation on the surface of nanoparticles. In order to maintain the binding activity of the circle (RGDyK), we used 4-maleimidobutyric acid N-succinimidyl ester as the heterodimeric cross-linker to conjugate QD800-PEG with the thiolated RGD peptide c(RGDy(ε-acethylthiol)K) to yield QD800-RGD (Figure 1 ). We also conjugated QD800-PEG with the thiolated RAD peptide c(RADy(ε-acethylthiol)K) to produce QD800-RAD as the negative control.
Analysis of Hydrodynamic Diameter (HD) and Circulation Half-Life
After surface coating and modification, all three samples (QD800-PEG, QD800-RGD, and QD800-RAD) could disperse well in PBS buffer. The absorbance and fluorescence emission spectra indicated that these water-dispersible QD samples maintain the optical properties with an emission maximum at ~800 nm in PBS buffer or 90% mouse serum (Figures S1 and S2, Supporting Information). After incubation of QD samples in mouse serum under typical body temperature (37 °C) for 24 h, over 80% of the emission intensity of QD800-RGD and QD800-RAD remained ( Figure S3 , Supporting Information), suggesting the good physiological stability of these peptide-labeled QDs. Dynamic light scattering (DLS) analysis showed that the HDs of QD800-PEG, QD800-RGD, and QD800-RAD are about 16.5 nm, 19.6 nm, and 20.1 nm, respectively ( Figure 2C ). On the basis of the size of these QD samples, the number of amine groups on the surface of each QD800-PEG (60-70 free amine groups) and the maximum ligand conjugation efficiency (40%-50%) (37), we estimated that there are 20-35 RGD peptides or RAD peptides on each peptide-labeled QD. In comparison with the small molecule mercaptopropionic acid (MPA) capped QD800-MPA (about 10 nm in HD) (34), QD800-PEG has a larger size in HD because of polymer coating. After the bioconjugation of RGD or RAD peptides on the surface of nanoparticles, the HDs of nanoparticles were slightly increased. In order to test the circulation half-life of QD800-PEG, we collected the blood samples within 1 h after the tail vein injection of QD particles in nude mice. Following the one-phase exponential decay, the analysis of the decrease in fluorescence intensity (i.e., ROI measurement) per gram of blood sample during blood circulation indicated that the half-life of QD800-PEG is about 29 min (Figure 2D ). With the increase of HDs after peptide coupling, we estimated that the half-lives of QD800-RGD and QD800-RAD might be slightly shorter than that of QD800-PEG.
In Vivo Tumor-Targeted Imaging
After the preparation of these three samples (QD800-PEG, QD800-RGD, and QD800-RAD) with the final concentration of 1 μM in PBS buffer, we administered intravenous injections (200 μL per mouse) into the athymic nude mice bearing subcutaneous U87MG human glioblastoma tumors. We used an IVIS 100 series to take the fluorescence images at multiple time points (0. 5, 1, 4, 5, 6, 18, and 24 h) . We set the Cy5.5 excitation filter (615-665 nm) and the ICG emission filter (800-875 nm) to take the fluorescence images with a strong fluorescent signal and low background signal. As shown in Figure 3 , as early as 0.5 h postinjection (p.i.), the fluorescence signal derived from QD800-RGD and QD800-RAD both appeared in the tumors. After about 1 h, the tumors were very distinguishable from other tissues with good fluorescence contrast (arrows) in the mice injected with QD800-RGD ( Figure 3A) , indicating highly specific tumor targeting of QD800-RGD. However, the tumor fluorescence intensity decreased over the time in the mice injected with QD800-RAD (arrows, Figure 3C ). We did not observe the tumor contrast in the mice injected with QD800-PEG ( Figure 3B ). The particularly bright fluorescence from the liver, spleen, and bone marrow reflected the reticuloendothelial system (RES)'s accumulation of QDs at these sites, which accounts for the relatively short half-lives of these QDs. The rapid uptake of QDs by the RES may significantly reduce their half-lives. It is noticed that the tumor contrast was still obvious even after 24 h in the mice injected with QD800-RGD, indicating that the tumor targeting of QD800-RGD induces high retention of QDs in the tumor site, which was further confirmed by the analysis of ROI. Under the assistance of Living Image software, we recorded the information of ROI and computed the statistical data for the ROI measurements. As shown in Figure 4A , after about 1 h p.i. of QD800-RGD, the fluorescence signal of the tumor reached the maximum and then slightly decreased over time (tumor-tobackground ratios were 3.26 ± 0.10, 4.26 ± 0.08, 3.46 ± 0.27, 2.90 ± 0.12, 2.85 ± 0.24, 2.04 ± 0.23, and 1.83 ± 0.21 at 0.5, 1, 4, 5, 6, 18, and 24 h p.i., respectively, n = 3/group; Figure   4B ), while there was little to no tumor contrast in the mice injected with QD800-PEG or QD800-RAD ( Figure 4B ).
Ex Vivo Fluorescence Imaging and Semiquantitative Analysis
At 4 h p.i., the mice injected with QD800-RGD, QD800-PEG, or QD800-RAD were sacrificed. We collected the tumors and major organs to acquire fluorescence images under the same conditions as those in immediate in vivo imaging. As shown in Figure 5 , ex vivo imaging further confirmed the obvious fluorescence signal in the U87MG tumor of mice injected with QD800-RGD ( Figure 5A ), whereas there was virtually no fluorescence signal in the tumors of mice injected with QD800-PEG or QD800-RAD ( Figure 5B,C) . Although the fluorescence intensity of the liver was highest among all of the organs, the difference between tumor fluorescence signals indicated that only QD800-RGD has the capability to specifically target and detect the U87MG tumor.
The fluorescence signal intensity of ex vivo imaging is close to a true reflection of the QDs retained inside the organs because of deep penetration in the NIR region and no antofluorescence in ex vivo images. Then, we performed the ROI analysis on the ex vivo fluorescence images to semiquantitatively study the uptake ratio of QDs in each organ. As shown in Figure 5D , the ROI analysis showed high tumor uptake of 10.7 ± 1.5%ID/g in the mice injected with QD800-RGD, while the tumor uptakes of QD800-PEG and QD800-RAD under the same conditions were 2.9 ± 0.3%ID/g and 4.0 ± 0.5%ID/g, respectively. The semiquantitative ROI analysis further confirmed that QD800-RGD could be an excellent candidate as a probe for tumor-targeted fluorescence imaging. In order to verify the highly specific targeting of QD800-RGD to the integrin α v β 3 -positive tumor, we used the LS174T tumor model with very low α v β 3 overexpression (38) as the negative control to do the fluorescence imaging ( Figure S4 , Supporting Information). The low LS174T tumor uptake of QD800-RGD (~2.8%ID/g at 4 h p.i.) indicated that QD800-RGD specifically targets integrin α v β 3 in living mice.
Histology Study
In order to investigate the microscopic localization of QDs in the tumors, CD31 immunostaining of tumor tissue slides would allow the visualization of tumor vasculature. From the fluorescence overlay images (Figure 6 ), we indeed found the presence of QD800-RGD in the tumor vessels (arrows, Figure 6A ) but no QD fluorescence signal in the tumor vessels of mice injected with QD800-PEG or QD800-RAD ( Figure 6B,C) . The excellent overlay between QD fluorescence and CD31 staining of tumor vessels confirmed that QD800-RGD did not extravasate the tumor vessels, suggesting that these QDs with big size (about 20 nm in HD) could only target vascular integrin but not tumor cell integrin (9, 10, 39) . However, the QDs with smaller size (<10 nm in HD) may facilitate extravasation due to the enhanced permeability and retention (EPR) effect, enhance the specific targeting to tumor cells, and minimize the RES uptake (40) (41) (42) (43) . Indeed, the coating, size, and surface charge of NIR QDs are three key features to influence the in vivo behavior of QDs and should be considered for future designs of QDs as imaging probes for clinical uses (43) (44) (45) .
CONCLUSIONS
In this work, we have investigated in vivo tumor-targeted fluorescence imaging using QD800-RGD. The QD800-RGD nanoparticles are NIR fluorescent (emission wavelength higher than 750 nm), non-cadmium containing (lower toxic than Cd-based QDs (34)), and specific to target integrin α v β 3 . In comparison with QD800-PEG and QD800-RAD, the tumor uptake of QD800-RGD is much higher with good contrast from the surrounding tissues, indicating specific tumor targeting of QD800-RGD. The results shown here, together with our previous work (9, 10, 36) , fully demonstrated the reproducibility of bioconjugation between QDs and RGD peptide, the feasibility of QD-RGD bioconjugates as tumor-targeted fluorescence probes, and the possibility of QDs in the applications of molecular imaging and diagnosis.
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